Environmental conditions in the western Arctic Ocean range from constant light and nutrient depletion in summer to complete darkness and sea ice cover in winter. This seasonal environmental variation is likely to have an effect on the use of dissolved organic matter (DOM) by heterotrophic bacteria in surface water. However, this effect is not well studied and we know little about the activity of specific bacterial clades in the surface oceans. The use of DOM by three bacterial subgroups in both winter and summer was examined by microautoradiography combined with fluorescence in situ hybridization. We found selective use of substrates by these groups, although the abundances of Ant4D3 (Antarctic Gammaproteobacteria), Polaribacter (Bacteroidetes), and SAR11 (Alphaproteobacteria) were not different between summer and winter in the Beaufort and Chukchi Seas. The number of cells taking up glucose within all three bacterial groups decreased significantly from summer to winter, while the percentage of cells using leucine did not show a clear pattern between seasons. The uptake of the amino acid mix increased substantially from summer to winter by the Ant4D3 group, although such a large increase in uptake was not seen for the other two groups. Use of glucose by bacteria, but not use of leucine or the amino acid mix, related strongly to inorganic nutrients, chlorophyll a, and other environmental factors. Our results suggest a switch in use of dissolved organic substrates from summer to winter and that the three phylogenetic subgroups examined fill different niches in DOM use in the two seasons.
O
ver the past few years, we have started to explore the relationship between bacterial community structure and activity in perennially cold marine waters. Heterotrophic bacterial activity is generally lower in polar than in temperate oceans even though primary production in polar oceans often reaches that of temperate oceans (29) . In the Arctic Ocean and the Ross Sea, bacterial production is low year-round, with some seasonal variation (13, 26) . In both the subarctic North Pacific Ocean and the more temperate North Atlantic Ocean, bacterial production is 10-to 50-fold higher than in polar regions and varies seasonally (14, 27) . Although perennially low temperatures in polar ecosystems contribute to low heterotrophic bacterial activity, input of dissolved organic matter (DOM) is of greater importance (28, 29) .
In contrast to bulk measurements of bacterial activity, measurements of single-cell activity that combine microautoradiography and fluorescence in situ hybridization (MAR-FISH) integrate both the number of cells actively using DOM within a community and their phylogenetic composition (9, 20, 40) . In earlier singlecell studies of the temperate Delaware Bay marine ecosystem, heterotrophic bacteria in the Cytophaga-Flavobacteria, Alphaproteobacteria, and Gammaproteobacteria were shown to contribute markedly to the uptake of low-molecular-weight DOM, such as glucose, amino acids, and N-acetylglucosamine (8, 9, 16, 31) . Many of the same broad taxa, such as Alphaproteobacteria and Gammaproteobacteria and the Cytophaga-Flavobacteria, are abundant in both polar and temperate oceans (1, 4, 11, 15, 16, 38) . In two polar systems, the Arctic Ocean and coastal waters of the West Antarctic Peninsula (WAP), bacterioplankton preferred amino acids over other substrates by these same phylogenetic groups (5, 42) .
However, our knowledge of the activity and distribution of bacterial clades, particularly in perennially cold marine waters, is still limited. Many studies have used MAR-FISH to measure single-cell activity of major bacterial groups, but few have examined subgroups within larger clades. In particular, subgroups such as Polaribacter and SAR11 have been examined in the Arctic Ocean only twice before (5, 33) . Only one previous study has explored Ant4D3, a gammaproteobacterial clade that is present and active in the WAP (42) but which has not been examined in the Arctic Ocean. Glucose use is low by these three bacterial groups in the WAP (42) , while uptake of leucine and the amino acid mixture is high. In contrast, glucose use by SAR11 is much higher in the Arctic and other high-latitude oceans (3, 5, 32) , suggesting that DOM use by heterotrophs varies among polar regions.
In addition to the percentage of active cells, variation in the degree of activity within the active fraction can be determined by measuring silver grain area around each cell in microautoradiographic preparations. Silver grain area has been explored by only a few previous MAR-FISH studies. The silver grain area around an individual cell is proportional to how much radioactive compound is taken up by the cell (8, 40, 43) . For example, the silver grain area of leucine-assimilating cells indicates that SAR11 accounts for a substantial portion of biomass production in the North Atlantic Ocean (31) . Thus, examining silver grain clusters provides additional information about single-cell uptake of DOM.
Single-cell bacterial activity likely responds to physical properties such as light, inorganic nutrient availability, and surface temperature, which can change drastically from summer to winter seasons in polar waters. However, few studies have examined seasonal differences in bacterial production and use of DOM by heterotrophs in permanently cold waters (5, 6, 12) . Heterotrophic bacterial production in both the WAP and Arctic Ocean is higher in summer than in either spring or fall, despite the low temperature (12, 26) . High summer productivity corresponds with phytoplankton blooms and input of DOM (12, 39, 45) . In a seasonal study, Alonso-Sáez et al. (5) found higher use of glucose by Alphaproteobacteria and Gammaproteobacteria in summer than in winter in Franklin Bay, Arctic Ocean, while use of amino acids and ATP was relatively high year-round. However, due to a limited number of studies, it is not yet clear whether one subgroup of bacteria contributes more than another to the seasonal differences in activity observed by Alonso-Sáez and colleagues (5) .
In this study, we examined the abundance of specific bacterial groups and their uptake of three low-molecular-weight compounds, leucine, glucose, and a mix of amino acids, in two summer and two winter seasons in the coastal western Arctic Ocean. We measured abundance and activity of the Antarctic gammaproteobacterial clade Ant4D3. We expected that bacterial single-cell activity for all three compounds would be higher in summer than in winter. However, our results suggest that heterotrophic bacteria use DOM compounds differently between summer and winter.
MATERIALS AND METHODS
Sample collection. Samples were collected offshore from Barrow, Alaska, in the Beaufort and Chukchi Seas. Sampling was conducted by small boat in summer and from a hole drilled in the sea ice in winter. Surface water (2-m depth) was pumped into 20-liter carboys and transported back to the shore-based lab in insulated containers. Details of sampling locations and biological oceanographic parameters have been previously described (7, 10) and are summarized in Table 1 .
Abundance of bacterial groups by catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH). CARD-FISH was carried out as previously described (36) . Briefly, seawater was fixed with 2% final concentration paraformaldehyde overnight at 4°C and filtered onto a 0.22-m polycarbonate filter. Wedges were cut from each filter and coated with 0.01% (wt/vol) agarose (MetaPhor agarose, Lonza Group, Switzerland). Coated filters were dried, incubated for 60 min in lysozyme solution at 37°C, and incubated overnight with CARD-FISH probes. Horseradish peroxidase (HRP)-conjugated probes were used for larger groups: EUB338 (general bacteria), Alf968 (Alphaproteobacteria), CF319a (Cytophaga-Flavobacteria group), and Gam42a (Gammaproteobacteria), under conditions previously described (42) . HRP probes for subgroups were SAR11 (Alphaproteobacteria) (34) , Polaribacter (Cytophaga-Flavobacteria) (33) , and Ant4D3 (Gammaproteobacteria) (42) . A nonsense probe (NON338) was also used to evaluate nonspecific binding; this signal was Ͻ2% (33). After probe incubation, Cy3-tyramide amplification solution (Perkin Elmer) was added for 8 min. The filters were washed and prepared for imaging by mounting with a 4:1 mixture of Citifluor (Ted Pella) to Vectashield (Vector Labs), plus 4=,6-diamidino-2-phenylindole (DAPI; 0.5 ng liter Ϫ1 ). Activity of subgroups measured by MAR-CARD-FISH. Seawater was incubated with 3 H-labeled compounds in separate bottles, i.e., leucine (20 nM final concentration of 100 to 150 Ci/mmol; Perkin Elmer), glucose (0.5 nM final concentration of 10 to 20 Ci/mmol; Perkin Elmer), and a mixture of 15 amino acids (total 0.5 nM final concentration of 55 Ci/ mmol; American Radiolabeled Chemicals, Inc.), for 4 h in the dark. A killed incubation was run alongside each substrate as a negative control. Samples were fixed, filtered, and stored as previously described (42) . After the CARD-FISH procedure, filters were taken to the dark room for microautoradiography as described previously (8) . Filters were exposed to emulsion as follows: 1 day for leucine, 4 days for the amino acid mix, and 4 days for glucose. The number of DAPI-stained, Cy3 probe-positive, and silver grain-positive cells were quantified by epifluorescence microscopy (8) . The silver grain background of the killed control was Ͻ3% for all samples.
Measuring turnover rate constants. Seawater was incubated with 3 H-labeled compounds using the same incubation procedure described for microautoradiography. After the incubation, cells were fixed with a 2% final concentration of paraformaldehyde overnight at 4°C and filtered onto two 0.22-m polycarbonate filters. After extensive washing with deionized water, filters were dried and 7 ml of Ultima Gold (Perkin Elmer) scintillation cocktail was added. Radioactivity was measured using a liquid scintillation counter (LS 6500; Beckman Coulter). Turnover rate constants for glucose and amino acids were calculated by dividing the radioactivity taken up by the cells by the total radioactivity initially added. Correlation analysis between environmental factors and the percentage of active cells. We used pairwise correlation analyses to determine relationships between the environmental parameters measured at each sampling location and the percentage of active cells assessed by MAR-CARD-FISH. Values for total prokaryotes, chlorophyll a, inorganic nutrients, and bacterial production were log transformed before analysis. The percentage of active cells was arcsine transformed before analysis.
RESULTS
In two consecutive summers and winters, we measured bacterial single-cell activity and biogeochemical parameters of the surface water in both the Beaufort Sea and the Chukchi Sea ( Table 1) . Temperature of summer surface water ranged from 1.2 to 6.2°C. In winter, temperature under the sea ice was Ϫ1.8°C. In both seas, chlorophyll a content of surface waters was higher in summer than winter. Abundance of total prokaryotes decreased by 4-fold from summer to winter in the Beaufort Sea (Student's t test, P Ͻ 0.05; n ϭ 9), although the difference was not significant in the Chukchi Sea. Bulk incorporation of leucine decreased from summer to winter by 10-fold (Student's t test, P Ͻ 0.05; n ϭ 17). Average turnover rate constant for glucose in summer (0.025 Ϯ 0.02 day Ϫ1 ) was significantly higher than in winter (0.007 Ϯ 0.01 day Ϫ1 ) (Student's t test, P Ͻ 0.05; n ϭ 16). In contrast, the turnover rate constant for amino acids in summer and winter did not change significantly (0.005 Ϯ 0.003 d Ϫ1 ). Abundance of bacterial subgroups. The average abundances of three large bacterial groups, Gammaproteobacteria, CytophagaFlavobacteria, and Alphaproteobacteria, were 33%, 20%, and 33% of the total prokaryotic community, respectively, and did not change substantially between summer and winter. We also examined the abundance of subgroups Ant4D3, Polaribacter, and SAR11, which are members of the larger bacterial groups Gammaproteobacteria, Cytophaga-Flavobacteria, and Alphaproteobacteria, respectively (Fig. 1) . Polaribacter abundance averaged about 17%, which was not significantly greater than either SAR11 or Ant4D3 abundances. SAR11 abundance was about 15% of total prokaryotes for most samples. The Ant4D3 gammaproteobacterial subgroup was present in all locations, although its abundance ranged widely, from 3.4% to 28%. There was no obvious pattern in the relative abundance of the subgroups from summer to winter or between the two Arctic seas.
Single-cell activity in summer and winter. We used MAR-CARD-FISH to examine DOM uptake by various bacterial groups in summer and winter (Fig. 2) . The percentage of active cells for leucine use significantly decreased by 2.5-fold from summer to winter in the Chukchi Sea (Student's t test, P Ͻ 0.05; n ϭ 8), but this pattern was not observed for the Beaufort Sea. The percentage of cells using glucose also decreased markedly from over 6% (Chukchi) and 12% (Beaufort) in summer to less than 2% in winter. Overall, the fraction of cells actively using leucine (20 nM final concentration) was consistently higher (8 to 39%) than that for glucose (1 to 12%). In both seas, the percentage of cells active for leucine use was 2-to 4-fold higher than that for the amino acid mix (0.5 nM final concentration) in both seasons. Single-cell use of glucose was 10-fold lower than amino acid use in the winter (Student's t test, P Ͻ 0.05; n ϭ 17), but the active fractions for the two compounds were comparable in summer.
Single-cell activity of bacterial subgroups. The three bacterial groups examined differed in their use of substrates in the Beaufort Sea (Fig. 3) . Single-cell leucine use increased from summer to winter by the Polaribacter clade (30 to 56%) (Student's t test, P Ͻ 0.05; n ϭ 9). In contrast, the fraction of leucine-active cells within the Ant4D3 and SAR11 groups did not change between seasons, remaining at about 56% and 40%, respectively. The fraction of cells taking up glucose decreased for the Ant4D3, Polaribacter, and SAR11 clades, from 14 to 18% in summer to less than 2% in winter. Surprisingly, the active fraction of Ant4D3 using the amino acid mix increased markedly from an average of 14% in summer to 68% in winter. The percentage of cells actively using amino acids within the SAR11 and Polaribacter clades were more similar to each other than to Ant4D3 in the two seasons, with overall averages of 7% and 14%, respectively.
In the Chukchi Sea, single-cell activity of both leucine and glucose differed by season (Fig. 4) , but single-cell activity of amino acids did not (Fig. 2) . Within each of the bacterial groups examined, the fraction of cells using leucine decreased from 30% in summer to 9% in winter (Fig. 4) . Similar to the Beaufort Sea, there was a significant decrease in glucose use from summer to winter in all three groups. The Ant4D3, Polaribacter, and SAR11 clades decreased from 11, 9, and 6%, respectively, to less than 1%. None of the three subgroups examined changed in the fraction actively using amino acids. Single-cell use of amino acids was less than 1% in two of the four summer samples (C6 and C7), while that in the other two summer samples was much higher (ϳ15%). Overall, the single-cell activity within the three subgroups varied with season and location in the Chukchi Sea.
Contribution of groups to activity and abundance of the bacterial community. Previous studies have noted that the contribution of individual bacterial groups to total use of a compound may not necessarily reflect its abundance in the community (9, 16) . We compared the relationship between the percentage of active cells belonging to a group and its relative abundance (Fig. 5) . In general, the abundance of a particular group in the bacterial community matched its contribution to the uptake of all three compounds. Glucose use was more variable in both seasons than either leucine or amino acid mix use, and the summer samples were above the 1:1 line, indicating more single-cell glucose use by specific groups than abundance suggests. However, when all samples were examined together, there was no significant de- viation from the 1:1 line for any of the groups (Student's t test, P Ͼ 0.05; n ϭ 17).
Quantifying activity of individual cells by silver grain area. The area of the silver grain cluster around an active cell in microautoradiography is dependent on the amount of the radioactive compound taken up by the cell (40) . To determine if all active cells within a community have similar leucine uptake levels in the two seasons, we examined the frequency distribution of silver grain area for each sampling season (Fig. 6) . In all samples, only about 22% of leucine-active cells had silver grain clusters Ͼ2 m 2 in area, indicating that only a few cells were highly active, whereas the silver grain area around most cells was small (Ͻ1 m 2 ). The silver grain area around the most active cells differed between summer and winter. For leucine in the Beaufort Sea, a greater number of cells had a silver grain cluster size between 4 and 6 m 2 in summer (11% of all active cells) than in winter (4%). The same trend was not observed in the Chukchi Sea (5% and 4% in summer and winter, respectively). For glucose single-cell activity in the Beaufort Sea, a larger fraction of active cells had a silver grain area within 4 to 6 m 2 in summer (7%) than in winter (0%), unlike in the Chukchi Sea (1% of active cells in summer and 9% of active cells in winter) (data not shown). Unexpectedly, we observed the opposite trend for the amino acid mix. In the Beaufort Sea, a greater number of cells had a silver grain cluster size between 4 and 6 m 2 in winter (4%) than in summer (2%). We observed this same trend in the Chukchi Sea when comparing winter (6%) to summer (2%).
Relationships between environmental parameters and single-cell bacterial activity. We examined the relationships between environmental factors and the percentage of active cells for all three compounds (Table 2) . We found no relationship between the percentage active for leucine and environmental factors, except a negative correlation with silicate. The fraction of cells using glucose was positively correlated with all environmental factors that increased in summer (total prokaryotes and chlorophyll a) and was negatively correlated with all factors that increased in winter, such as inorganic nutrients (Table 2 ). In contrast, singlecell use of amino acids was negatively correlated with abiotic factors that increased in summer and positively correlated with those that increased in winter. Of the three compounds, correlations between percent single-cell activity of glucose and environmental parameters were the highest.
DISCUSSION
The goal of this study was to compare the assimilation levels of organic carbon compounds in the western Arctic Ocean in the winter and summer and to investigate the abundance and activity of Polaribacter, SAR11, and Ant4D3 in these waters. We chose these three subgroups because only one previous study examined leucine use by Polaribacter and SAR11 in the Arctic Ocean basin (33) and glucose and amino acid use by SAR11 in Franklin Bay (5). Ant4D3 had been examined in the WAP (42) but not in the Arctic Ocean. Based on previous studies, the obvious hypothesis is that total uptake of all compounds would be higher in summer (4, 5, 12) . While the percentage of cells using glucose was higher in the summer, unexpectedly the fraction of cells using leucine (20 nM final concentration) and the amino acid mix (0.5 nM final concentration) did not substantially differ between the two seasons. Our results suggest that bacterial single-cell uptake of leucine, glucose, and the amino acid mix is influenced by seasonal changes in the environment and that activity within the three bacterial groups, Ant4D3, Polaribacter, and SAR11, varied from summer to winter. Ant4D3 was present and abundant in the western Arctic Ocean and WAP, consistent with previous studies suggesting that Ant4D3 is specialized to cold environments (19, 35, 42) . The presence of Ant4D3 had not been shown before in the Arctic Ocean, except in a clone library of Laptev Sea samples (23) . This Antarctic gammaproteobacterial group was much more abundant than we expected, even more abundant than in the WAP region where it was first discovered (19, 42) . Preliminary results indicate low numbers (Ͻ4% of the prokaryotic community) of this subgroup in Delaware Bay surface waters. As Ant4D3 is abundant in both polar oceans, it may have a polar biogeography (42) .
Both the SAR11 and Cytophaga-Flavobacteria groups are abundant in the Arctic Ocean, although the former was more abundant than the latter in the Franklin Bay and the Arctic basin (5, 33) . Similar to our results, a recent study using 454 pyrosequencing of 16S rRNA genes found that SAR11 is present in both summer (12% of bacterial community) and winter (9% of bacterial community) in the Arctic Ocean (25) . In general, SAR11 bacteria may compete better in oligotrophic environments such as the Sargasso Sea, where they are known to be abundant (30% of bacterial community) (34, 37) , than in the Arctic Ocean, which is nutrient rich due to terrestrial input of detritus and organic matter (22) . In contrast to SAR11, Cytophaga-Flavobacteria bacteria are abundant in cold aquatic systems (1, 44) and seem to thrive in the western Arctic Ocean. Accordingly, Polaribacter was abundant in our study, making up 17% of total prokaryotes, similar to that previously found in the Arctic Ocean shelf and basin, where it was 20% of total prokaryotes (33) .
In general, single-cell uptake of leucine varied from summer to winter in our study. Surprisingly in the Beaufort Sea, the percentage of Polaribacter cells using leucine increased from summer to winter, although Ant4D3 and SAR11 single-cell leucine use did not change between seasons. Since leucine was added at a high concentration (20 nM) as in production assays, higher uptake by Polaribacter suggests that this group grew faster than either SAR11 or Ant4D3 in winter. Previous studies also found that the Bacteroidetes incorporate leucine and presumably grow faster than members of the Alphaproteobacteria in the subtropical North Atlantic Ocean (30) . In particular, the Polaribacter group incorporates more leucine than SAR11 in both the Arctic Ocean basin and WAP polar waters (33, 42) . In addition, the amount of leucine assimilated by individual cells varied (18, 40) . According to the silver grain area analysis, a small fraction of the cells in summer incorporated twice as much leucine as the cells in winter. These data indicate that although the percentage of cells using leucine did not change drastically between seasons, the relative number of highly active cells decreased substantially in winter, suggesting an overall decrease in growth.
Single-cell use of glucose was 7-to 10-fold higher in summer than winter in both seas. These results are consistent with the bulk turnover rate constant for glucose, which was nearly 4-fold higher in summer than in winter Arctic waters. Similar to our results, glucose use is high in the Franklin Bay area of the Arctic Ocean in summer (5) . In contrast to the Arctic Ocean, less than 5% of total prokaryotes use glucose in the summer months in WAP coastal waters (42) . This difference in glucose uptake between seasons may be due to the differential input of nutrients from terrestrial runoff or from dying phytoplankton. In contrast to WAP waters, the Arctic Ocean system receives a significant input of terrestrial organic carbon and nutrients from rivers, the largest of which in our study area is the Mackenzie River (17, 21, 22) . This input impacts the coastal locations, such as those we examined, by providing inorganic nutrients for phytoplankton growth. In turn, seasonal phytoplankton blooms release glucose and other DOM compounds which support the high uptake of glucose by heterotrophic bacteria (2, 41) .
By late summer, polar surface waters are depleted in nutrients and labile DOM, as observed in other studies of the Arctic Ocean and the Ross Sea (12, 22) . In this study, single-cell glucose uptake was correlated negatively to inorganic nutrients, which are low in summer and high in winter (10), the latter due to lower base flow of fresh water from rivers and reduced biological uptake (21) . Because all three subgroups of bacteria used glucose more in the summer than winter, these results suggest a greater availability of glucose in summer. Uptake by SAR11 in the Arctic is more similar to the uptake of glucose by this group in the Delaware Bay than in the Sargasso Sea. In oligotrophic environments like the Sargasso, SAR11 can account for 50% of the glucose uptake (31), while in eutrophic environments such as the Delaware Bay, SAR11 accounts for 15 to 30% of glucose uptake (16) . Both Bacteroidetes and Gammaproteobacteria are highly active for glucose in the western Arctic Ocean (5, 15) .
Amino acids are a key source of nitrogen for cells and can support ϳ50% of bacterial production in the oceans (24) . Turnover rate constants for the amino acid mix were the same in summer and winter. However, we found summer to winter differences for the single-cell use of the amino acid mix in the two seas. According to silver grain area, more cells were active for the uptake of amino acids in summer but a few highly active cells incorporated 2-fold more of the amino acid mix in winter. Previous studies found that amino acid use varied seasonally and was always higher than the uptake of glucose or ATP (5, 15, 31) . Alonso-Sáez and colleagues (5) observed relatively high single-cell amino acid uptake during March for Gammaproteobacteria but not for Bacteroidetes or Alphaproteobacteria in the Arctic Ocean. Similarly, we observed enhanced single-cell activity for amino acids in the Beaufort Sea in winter for Ant4D3 but not for Polaribacter or SAR11, suggesting that the three phylogenetic subgroups fill different niches in DOM use from summer to winter.
Use of organic compounds by bacteria in the western Arctic Ocean differed in summer and winter, when environmental parameters are drastically different. Using both bulk measurements and single-cell approaches, our study found clear summer to winter changes in the use of three DOM compounds by three subgroups of heterotrophic bacteria, including an Antarctic clade. Further work is needed to identify year-round DOM use by more bacterial subgroups at a higher temporal resolution in the rapidly changing coastal Arctic Ocean.
